Biotelemetry provides high quality data in awake, free ranging animals without the effects of anesthesia and surgery. Although many biological parameters can be measured using biotelemetry, simultaneous telemetric measurements of pressure and flow have not been available. The objective of this study was to evaluate simultaneous measurements of blood flow, pressure, ECG and temperature in a fully implantable system. This novel system allows the measurement of up to four channels of blood flow, up to three channels of pressure and a single channel each of ECG and temperature. The system includes a bidirectional radio frequency link that allows the implant to send data and accept commands to perform various tasks. The system is controlled by a base station decoder/controller that decodes the data-stream sent by the implant into analog signals. The system also converts the data into a digital data-stream that can be sent via Ethernet to a remote computer for storage and/or analysis. The system was chronically implanted in swine and alligators for up to 5 weeks. Both bench and in vivo animal tests were performed to evaluate system performance. Results show that this biotelemetry system is capable of long term accurate monitoring of simultaneous blood flow and pressure. The system allows within the room recordings since the implant transmission range is between 6-10 meters and with a relay backpack transmission distance of up to 500 meters can be achieved. This system will have significant utility in chronic models of cardiovascular physiology and pathology.
INTRODUCTION
The use of telemetric techniques makes it possible to record and study physiological variables during long-term experiments with a minimum of disturbance to the animal. The absence of physical restraint and the ability to free range reduces stress and leads to more easily interpretable data. Fully implantable telemetric techniques also greatly reduce the risk of infection associated with leads and catheters protruding from the skin. In addition, telemetric techniques make it possible to study animals in their natural habitat (eco-physiology), during social interactions and to correlate normal behaviors with physiological variables. It is clear that many interpretations of previous physiological data are hampered by stress induced from confinement or human interaction. This unwanted stress is greatly reduced by using a fully implantable telemetric system.
The first successful transmission of biological information from a living animal was performed in 1869 by Marey (18) . This was followed by Einthoven´s experiment in 1903 where he used a telephone line to transmit ECG data over a 1.5 km distance (9). If we adopt a modern definition of biotelemetry as "measurements from an unrestrained animal or patient using radiolinks" (8) , Winters may be the inventor of telemetry in 1921 (26) , followed by Fuller & Gordon in 1948 (14) . A breakthrough in the design of telemetric and electronic equipment came in 1952 with the introduction of transistor technology (8) .
Two of the central variables in cardiovascular research are blood flow and blood pressure. Unfortunately, none of the fully implantable telemetric systems commercially available today provide blood flow capability. Furthermore, there are no simultaneous telemetric measurements of pressure and flow. Hence, it is currently not possible to monitor total or regional blood flow in large or small vessels such as aorta, coronary or pulmonary arteries.
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4 specifications of the system. The system is presently suitable for animals with body weight > 2.5-3 kg (where weight of implant is < 5% of body weight). The system can be purchased from EndoSomatic Technologies (http://vivaldi.zool.gu.se/telemetry/).
Implant description
A simplified block diagram of the system is shown in Figure 1 decoder/controller. These Millar pressure catheters provide a higher bandwidth (10 kHz) and quality signal than fluid or gel filled pressure catheters and reduce blood clotting.
The ECG subsystem uses a 2-lead configuration the electrodes are stainless steel for long-term stability. A temperature sensor embedded within the implant case is used to measure body temperature.
Communication with the remote base station decoder/controller unit is performed with a bi-directional radio frequency (RF) link. Data are sent out and commands are received from the base station decoder/controller unit. Maximum range is about 6-10 m depending on enclosure and antenna orientation. The communications link protocol for this implantable system is optimized for low power and data management (as opposed to a general link protocol such as Bluetooth) which is more appropriate for handheld and other portable devices due to the much higher power consumption.
The implant is powered by lithium batteries (1 to 3) and the expected battery life using 2 AA-size batteries is at about 1 month when all nine channels are active continuously. Enabling fewer channels, especially Doppler flow channels, results in extended implant battery life. An automated timed-acquisition mode is also implemented and in this mode the implant is operated for example, for two minutes and shuts down for 15 minutes (for approximately 85 measurements per day). This extends battery life to over six months. Alternatively, since the battery is attached to the implant using an implantable connector, and it is ideally located near the skin, it can be replaced without taking out the implant itself. The connector between the battery and the implant is a commercially available, miniature circular connector from Omnetics, Inc. (Omnetics.com). Hermeticity is achieved using a custom designed compression sleeve with detected. Similar type connectors are used to connect the Doppler and blood pressure transducers and ECG electrodes to the implant.
Base station decoder/controller description
As shown in the simplified block diagram in Fig. 1B, 
Doppler bench test
Bench tests on the Doppler flowmeter and the ultrasonic receiver/Doppler decoder were performed to assess linearity, dynamic range and sensitivity. The linearity was tested using a high stability RF source (HP 8647A, 50Ω terminated) connected to the input of the implant's ultrasonic receiver at 20 MHz. The frequency was varied in the range of -20 to 20 kHz on either side of 20MHz in steps of 5 kHz. The receiver's dynamic range was tested by applying an RF signal at 3 different levels (10 µV, 1 mV and 100 mV).
Doppler in vivo test
In one acute cat study, the implant Doppler flow measurements were validated against a Triton Instruments model 100 Doppler flowmeter. An adult cat was anesthetized by intramuscular injection of ketamine (30 mg/kg) followed by intravenous injection of α-chloralose (50 mg/kg) as needed. The animal was intubated and ventilated using a Harvard pump. A midline sternotomy was performed to expose the heart and aorta. A segment of the thoracic aorta was exposed for flow measurements and a 4-mm perivascular Doppler transducer was mounted around the aorta. Since the two systems cannot be synchronized and operated simultaneously, they shared the same Doppler transducer sequentially.
Instrumented animals
The system was chronically implanted in both alligators and swine for up to 5 weeks. Two Welfare Act, and approved University of California, Irvine-IACUC protocols.
Alligator surgical procedure
Anesthesia was induced using a custom designed mask containing gauze dampened with Isoflurane (Isoflo, Abbott laboratories, North Chicago, IL, USA). Alligators were then intubated and artificially ventilated (SAR-830, CWE Inc., Ardmore, PA, USA) with room air that had been passed through a vaporizer (Dräger, Lubeck, Germany). The vaporizer was initially set at 5%, and was then reduced to 3-4% for the duration of surgery.
The animals were incised ventrally using aseptic techniques. In order to access the heart and major outflow vessels for placement of the flow probes, pressure catheters and ECG wires, it was necessary to part the sternum 3-4 cm. The heart and outflow tract were then cleared of surrounding tissue to expose the major arteries as they extend from the anterior portion of the Ventilation with room air was continued until the alligator regained consciousness and reinitiated spontaneous breathing. After full recovery from anesthesia, the animals were placed in a temperature-controlled recovery room. The temperature was maintained at 30°C. After a few days when the surgical wound was healed, the animals were allowed to have access to water.
Swine surgical procedure
Surgical anesthesia was induced with ketamine hydrochloride (25 mg/kg, im) and atropine sulfate (0.05 mg/kg, im). Animals were maintained on surgical anesthesia with isoflurane (1-2%) and oxygen. A left lateral fourth-intercostal-space thoracotomy was performed using sterile techniques. Lidocaine (80 mg iv) was administered as a bolus before cardiac instrumentation.
The root of the ascending aorta was dissected free from the pulmonary artery (PA) in preparation for the placement of an inflatable cuff around the PA and the tube of the occluder was We verified that rotation of the catheter in the pig aorta did not significantly change the recorded blood pressure values. The Millar catheters were calibrated before implantation, as per manufacturer specifications. The calibration used the supplied pressure dome and in conjunction with a 2-point calibration, using a solid-state based manometer as reference. Before calibration, the implant and the transducers were immersed in a temperature controlled bath for about 2 hours to stabilize. This also allows the hygroscopic membrane on the catheter sensor to exchange fluids and moisture with the sensor surface to stabilize. These steps ensure that the catheters do not require calibrations during the implant as this not feasible and the offset was found to be within ±3-5 mmHg after 30 days of implantation. The Millar catheters are sturdy and given enough attention during implant and explant, they can last for at least 10-15 implantations.
After the animal was instrumented for telemetry, the thoracotomy was closed and the animal was allowed to recover. After the animal recovered for one week, the pulmonary artery was banded using the externalized inflatable cuff. While the animal was free ranging, the cuff was inflated with glycerin while the right ventricular pressure was telemetrically measured and adjusted until the right ventricular systolic pressure was raised to the desired level. The inflatable constrictor was fixed to maintain the degree of stenosis. 
RESULTS

Doppler Bench test
Doppler in vivo test
The implant telemetry Doppler was compared with a standard Triton system. Figures 3A and 3B show approximately 2 seconds of implant Doppler and a Triton Doppler flowmeter recording, respectively. A direct comparison between the two systems is made in Figure 3C . The relationship between the two measurements is not significantly different from an identity line.
The data indicate a 2.2% average deviation (from full scale) between the two flowmeters.
Instrumented animals
Selected data from the two alligators are presented in Figure 4 . Phasic signals for three blood flows (RAo, LAo and LPulm) are shown in Figure 4 together with corresponding blood pressure tracings. The fourth Doppler channel was not used in these experiments. The data were sampled at 100 Hz from the basestation decoder/controller analog output using Acknowledge software version 3.7.2 (Biopac, Goleta, CA, USA).
A smaller battery pack was used in the in vivo studies to reduce the total size of the implant. This battery pack consists of a single lithium AA battery instead of the standard 2-AA battery pack. The system was taken out of the alligator after three weeks and Figure 4 shows representative traces of the phasic signals for the recorded variables from days 1, 7, 14 and 21.
In Figure 5 the phasic LAo blood flow and heart rate from the second alligator are shown with the animal quietly resting in the constant temperature room. The flow pattern in the LAo reveals a shunt, which is attained during resting conditions. In the left panel of Figure 5 , the door to the room housing the alligator was opened (indicated by the arrow). Although the animal was housed in an opaque enclosure and could not see the door open, it reacted to the sound with a decrease in LAo blood flow and a small increase in heart rate. In the right panel, the door and the lid to the enclosure were opened (arrow). This resulted in a massive and long-lasting increase in heart rate and a pronounced decrease in LAo blood flow. Figure 6 shows representative hemodynamic tracings in an awake untethered swine. The recordings in Figure 6 correspond to aortic velocity, left anterior descending coronary artery velocity, carotid velocity, right ventricular (RV) and aortic blood pressure, in order. The telemetry system was used to monitor banding of the PA and consequently pulmonary hypertension in the awake, free ranging animal. Figure 7 shows blood pressure data before and after PA banding. The expected increase in PA pressure is apparent.
DISCUSSION
Flow Telemetry
Over the past 30 years, there has been a number of attempts to develop an implantable flowmeter. Initially, the desktop flowmeter architecture of choice was the electromagnetic flowmeter which was considered the "gold standard". A design that used an electromagnetic flowmeter for use in an implantable biotelemetry system incorporated a number of techniques for Page 13 of 33 dealing with the high power consumption rates of this system (13) . The system used rechargeable batteries and limited power-on periods to extend system operation. This system consisted of a single channel of blood flow, two channels of blood pressure, and a channel each of ECG and temperature. Continuous operation of all channels with fully charged batteries was limited to about 2.5 hours. The user could turn off the flowmeter section to increase operation life to 16 hours; but 10 hours of recharging the implant batteries were subsequently needed.
Despite these limitations, the authors reported useful data from resting and exercising animals.
An alternative flowmeter technique used to measure blood velocity is based on the ultrasonic Doppler shift technique. Both Continuous Wave-and Pulsed-Doppler based implants have been developed (1, 2, 7). Although they were miniaturized using custom developed integrated circuits, power consumption was still high. For a single channel Doppler flow system, the battery life was estimated at about 100 hours of continuous use. Again, limited power-on periods using an RF activated switch were used to extend implant life. The design of this system necessitated the animals wearing a jacket to carry the receiving and processing equipment as well as batteries.
An interesting blood flow implant development was based on an interferometric ultrasonic technique (22) . The complete system consisted of a blood flow and a blood pressure channel. In this system, the battery life was limited to about 100 hours of continuous use. Using an RF activated command switch, a pre-programmed 8 min power-up period was initiated. The authors reported that two such activations per day (for a total of 16 min) extended the battery life to about one year. The flowprobe used with this design was rather large and animal movements could cause severe motion artifacts. A number of other flowmeter designs also appear in the Page 14 of 33 literature but most describe externally mounted systems that require frequent battery replacements and are too bulky for implantation (12, 24, 27, 28) .
Currently, a commercially available telemetry system by Transonic Systems includes a 2-channel transit-time blood flow telemetry unit (PhysioGearTM; http://www.transonic.com). One of the disadvantages of this system is that it is an externally mounted system. The issues with exit wound management and infections are of concern and require constant attention by the investigators. These concerns often negate the gains obtained from a wireless measurement.
Furthermore, the telemetry system offered by Transonic does not measure simultaneous pressure, and most importantly, it cannot be implanted due to its large size and very high power consumption.
It is evident from the literature that battery life and in some cases the flow probe design is a limiting factor. The technique most often used to extend battery life is to simply reduce the time of operation. Although this allows for flow measurements, infrequent data sampling provides only a limited insight into the complete long-term status of the phasic blood flow and the correlation to phasic blood pressure.
For the development of a telemetric blood flow system, Pulsed-Doppler based techniques have a number of advantages over other flow techniques such as lower power consumption, baseline stability, smaller and lighter flowprobes, and ease of calibration. Although the Doppler system measures velocity of blood, several studies have shown that this correlates well with changes in volumetric blood flow (19, 28) . In addition, Doppler flowprobes can be made in a variety of probe styles appropriate for a particular application. Specifically, they are commercially available as soft silicone perivascular cuffs, intravascular catheters and epivascular probes. Finally, it has been argued that the vessel cross-sectional area may be a normalizing factor for the size of organ, and hence velocity is proposed as the preferred measurement (20) .
Here, we present a system with several simultaneous Doppler-based flow probes and pressure transducers with exceptional battery life.
Alligator Studies
The quality of the phasic blood flow signals in the alligator (Figures 4 and 5 The telemetric measurements revealed that both alligators showed periods of pulmonaryto-systemic shunting pattern mixed with non-shunting. In Figure 4 the LAo trace at day 1 shows a shunting pattern while days 7, 14 and 21 show non-shunting pattern. The issue of shunting in crocodiles has been the subject of numerous studies (3, 10, 11, 15, 16, 17) .
In both alligators ( Figure 5 ), resting heart rate (24 hours after surgery) was lower than reported from most other laboratory-based studies in crocodilians, indicating a low level of stress. Both animals also showed pulmonary-to-systemic shunting ( Figure 5 ), which is rare to see in instrumented animals in the laboratory environment. Again, these findings suggest a low level of stress in the present study using the implantable telemetric system since shunting is only seen in resting, relaxed animals (10, 25) .
Swine Studies
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Our interest in telemetry stems from the desire to describe the loading on blood vessels in vivo more clearly, definitively, and analytically. The proposed telemetry system is essential for continuous recording of pressure and flow throughout the experimental period in the swine model during the progression of hypertension, flow-overload, heart failure, etc. Pressure and flow data were recorded while the animal was freely ranging in a cage. Figure 6 shows some of the short-term data of pulsatile blood pressure and blood flow. Figure 7 shows that the system can aid in the implementation of hypertension by banding the PA in the awake, free ranging animal. The blood pressure and flow are variables with non-stationary, nonlinear, and stochastic features. These telemetric measurements will allow us to mathematically characterize the wave harmonics in future studies.
Limitations of System and Future Improvements
During the three weeks of telemetric measurements in alligators, we used a combination of continuous data recording and automated timed-acquisition mode data recording (2 minutes of data recording followed by a 15 minute power down period). The timed-acquisition mode prolongs battery life (by reducing overall power consumption) and reduces the amount of data collected. Of course, this poses a risk of missing interesting data. The selected timed-acquisition duration provided data for about 170 minutes per day, which is about 10 to 50 times more in recordings relative to previous systems (1, 2, 13, 22) . Future improvements can include triggersampling periods by, for example, motion detectors or other types of external or even internal
sensors. An additional future improvement is miniaturization of the device. The intrinsic circuit complexity of a flowmeter, which leads to a large-sized implant, can be partially overcome by the miniaturization and microelectronic integration techniques that are now commercially available.
The telemetry unit has been tested for a continuous duration of 2 months. There were no visible signs of damage and when cleaned and tested, it was implanted again in a different animal. The implant case is made of Delrin and it is coated with a medical grade silicone adhesive polymer. The one issue that can cut shorten the implant life is the breakage of a transducer cable. This can be avoided by proper placement of implant and transducers.
Placement of the transducer cables in high bending and high stress areas should be avoided since the chances of breakage are higher. If there is no cable or transducer breakage, the implant limiting factor is the battery life. Since this can be extended by either changing the battery every 30 days, or utilizing the timed-acquisition mode, then the implant should be capable of staying in the body for a very long period of time (as long as 6-12 months). Obviously this needs to be verified by long-term studies in the future.
Summary and Conclusions
In summary, this novel telemetry system is capable of acquiring high quality data over extended periods of time. This is the first fully implantable system that can measure the combination of blood flow and blood pressure simultaneously in free ranging animals. The transmission range is greater than most other systems (6-10 meter or "within a room"). The battery life (2-AA lithium cells) is in the range of 30 days when all 9 channels are operating and this can be extended further by using the built-in automated timed-acquisition data mode recording. The use of implantable connectors enables the user to replace the battery pack and transducers without any refurbishment delays. Due to the size of the implant and battery, the present system is limited to animals with body weight > 2.5-3 kg, but a smaller version of the system is under development.
This comprehensive telemetry system will be used for future chronic studies to understand cardiovascular physiology and the hemodynamic progressions of cardiovascular disease. 
